ABSTRACT: Cu(I) catalyzed azide−alkyne cycloaddition (CuAAC) reactivity was successfully employed to synthesize three donor−acceptor energy transfer (EnT) arrays that contain one (Dyad), three (Tetrad) and four (Pentad) 4,4-difluoro-4-bora-3a,4a-diaza-s-indacene (BODIPY) donors connected to a Zn-tetraphenylporphyrin acceptor via 1,2,3-triazole linkages. The photophysical properties of the three arrays, along with individual donor and acceptor chromophores, were investigated by UV−vis absorption and emission spectroscopy, fluorescence lifetimes, and density functional theory (DFT) electronic structure modeling. Comparison of the UV−vis absorption spectra and frontier molecular orbitals from DFT calculations of the three arrays with ZnTPP, ZnTTrzlP, and Trzl-BODIPY shows that the electronic structure of the chromophores is essentially unperturbed by the 1,2,3-triazole linkage. Time-dependent DFT (TDDFT) calculations on the Dyad reproduce the absorption spectra in THF and show no evidence of excited state mixing of the donor and acceptor. The BODIPY singlet excited state emission is significantly quenched in all three arrays, consistent with EnT to the porphyrin core, with efficiencies of 95.8, 97.5, and 97.2% for the Dyad, Tetrad, and Pentad, respectively. Fluorescence excitation spectra of the three arrays, measured at the porphyrin emission, mirror the absorption profile of both the porphyrin and BODIPY chromophores and are consistent with the Forster resonance energy transfer (FRET) mechanism. Applying Forster theory to the spectroscopic data of the chromophores gives EnT efficiency estimates that are in close agreement with experimental values, suggesting that the through-space mechanism plays a dominant role in the three arrays.
■ INTRODUCTION
The utilization of molecular systems for solar energy conversion requires the rational design and synthesis of chromophoric arrays that can absorb light across a large fraction of the solar spectrum and direct that energy toward catalytic sites for chemical fuel generation, or semiconductor electrode surfaces for electrical charge production. 1−5 The development of efficient light harvesting systems that mimic the natural photosynthetic apparatuses requires a fundamental understanding of the structural−functional relationship between the various donor and acceptor chromophores.
Molecular chromophore-based energy transfer arrays have often employed porphyrin building blocks due to their structural resemblance to chlorophylls found in natural photosynthetic systems. Additionally, porphyrins are relatively easy to synthesize while providing somewhat straightforward methods to tune their photophysical and redox properties. Porphyrins are often characterized by their strong, but localized, absorption bands in the blue and red regions of the visible spectrum, Soret and Q-bands respectively, yet they lack a significant optical cross section for a large fraction of the visible spectrum (green light, 450−550 nm). Thus, even though porphyrins have found use in several applications related to solar energy harvesting (photovoltaics, DSSCs, etc.), they are not ideally suited for broad-band solar harvesting.
Toward the goal of using porphyrins in broad-band light harvesting, there have been numerous examples of donor− acceptor array complexes created where green absorbing chromophores have been coupled to porphyrins to create energy transfer arrays that improve overall broad-band light harvesting. One of the common green chromophore donors used for this purpose is 4,4-difluoro-4-bora-3a,4a-diaza-sindacene, or BODIPY. 6 This complex exhibits strong molar absorbtivities in the 400−500 nm range (∼5 × 10 5 M −1 cm
), relatively long-lived singlet excited states, and high quantum yields for singlet fluorescence. 7 Additionally, synthetic modification of the pyrrole groups allows for some tuning of the singlet π−π* transition energies. 7 The fluorescence emission overlaps with ZnTPP Q-bands, which allows for efficient Forster resonance energy transfer (FRET). Additionally, the BODIPY π−π* absorption band is usually isolated from porphyrin Soret & Q-bands, allowing for selective excitation of the donor to quantify FRET. There have been a number of reports on BODIPY-porphyrin donor−acceptor architectures that utilize a range of coupling methodologies, including covalent connections, 8−16 noncovalent self-assembly, 11, 17 and metal−organic frameworks. 18 Several of these molecular arrays have also been incorporated into dye-sensitized semiconductor solar cells to improve overall light harvesting ability of the photoelectrochemical cell. 15, 16 Generally, these energy transfer (EnT) systems result in high FRET efficiency (>90%) from the BODIPY donor to the porphyrin acceptor due to favorable spectral overlap, with the largest variations stemming from the differences in intermolecular distance and orientation of the chromophores afforded by the coupling group.
We have been interested in the utilization of copper(I) catalyzed azide−alkyne cycloaddition (CuAAC) reactivity 19−21 to assemble multilayer thin-films of 5,10,15,20-tetra(4-ethynylphenyl)porphyrin Zn(II) on electrode surfaces for various photoelectrochemical applications. 22−25 Toward that goal, we wish to explore the utility of CuAAC reactivity to assemble molecular donor−acceptor systems and examine the influence of the 1,2,3-triazole linkage on photophysical processes, such as EnT, between adjacent chromophores. CuAAC is an attractive covalent coupling method for assembling molecular donor−acceptor systems due to its high synthetic yield, mild reaction conditions, and tolerance of other functional groups. 19−21 Additionally, the 1,4-substituted 1,2,3-triazole provides a stable and rigid linker between adjacent groups. We have shown previously that 5,10,15,20-tetra-(4-ethynylphenyl)porphyrin Zn(II) (1) is a successful synthon in CuAAC reactivity for creation of molecular multilayer films on a variety of substrates.
22−25 Therefore, we chose to explore its solution reactivity with the azido functionalized BODIPY, 4,4-difluoro-8-(4-azidophenyl)-1,3,5,7-tetramethyl-4-bora-3a,4a-diaza-s-indacene (4). Herein, we report on the synthesis and photophysical characterization of three EnT arrays that contain one (Dyad), three (Tetrad), and four (Pentad) BODIPY donors connected to a Zn-tetraphenylporphyrin acceptor via 1,4-subsitituted 1,2,3-triazole linkages (Figure 1 ). The 1,2,3-triazole linkages provide a rigid, covalent connection that allows for efficient FRET between chromophores (>95%), while minimizing through-bond orbital overlap. Applying Forster theory 26 to the spectral data estimates EnT efficiencies that are in close agreement with measured values from fluorescence quenching of the BODIPY donors in the three arrays.
■ RESULTS AND DISCUSSION
Synthesis. Scheme 1 shows the synthetic methodology for the three 1,2,3-triazole linked BODIPY-porphyrin arrays examined in this study, along with individual chromophores used for comparison. The EnT arrays utilize meso-5,10,15,20-tetra-phenylporphyrin Zn(II) as the core acceptor and one (Dyad), three (Tetrad), and four (Pentad) BODIPY donors attached at the para-position of the meso-phenyl rings. The arrays were synthesized from ethynyl modified porphyrins and azido-BODIPY building blocks using standard CuAAC conditions. 21 The unoptimized CuAAC reaction conditions used in this study gave yields of 65%, 16%, and 48% for the Dyad, Tetrad, and Pentad respectively. Upon investigation of side products from these reactions, it was determined that they consisted primarily of porphyrins containing unreacted ethynyl groups. The resulting 1,2,3-triazole linked arrays are easily separated from minor side products using preparatory-scale thin layer chromatography. NMR spectra of the compounds show a clear combination of the porphyrin and BODIPY signals. The phenyl protons on the BODIPY are shifted downfield due to the presence of the electron-withdrawing triazole, and the porphyrin ethynyl proton at 3.4 ppm changes to a 1,2,3-triazole signal, which is shifted downfield to ∼8.6 ppm in all three arrays. This shift in the position of the ethynyl proton provides confirmation that the CuAAC reaction occurred. Additionally, UV−vis absorption spectra, 1 H NMR, and mass spectra of the reaction solutions revealed that Cu(II) insertion into the porphyrin from the CuAAC catalyst did not occur in any detectable amount.
In addition to the BODIPY-porphyrin arrays, we synthesized 5,10,15,20-tetra-(p-benzyl-1,4-triazolephenyl)porphyrin Zn(II) (ZnTTrzlP) and 4,4-difluoro-8-(4-(phenyl-1,4-triazole)-phenyl)-1,3,5,7-tetramethyl-4-bora-3a,4a-diaza-s-indacene (Trzl-BODIPY) as photophysical standards for the individual donor and acceptor chromophores with attached 1,2,3-triazoles. These were synthesized using the same CuAAC conditions 21 as the arrays (Scheme 1).
Electronic Absorption. The top of Figure 2 shows the absorption spectra for individual chromophores ZnTTrzlP and Trzl-BODIPY in THF. The absorption spectra for the Dyad, Tetrad, and Pentad in THF are shown at the bottom of Figure  2 . The Dyad displays the expected porphyrin Soret and Qbands at 424, 556, and 596 nm, in addition to the BODIPY π−π* transition at 503 nm. 27, 28 The absorption spectrum of the Dyad is simply a summation of the individual chromophores (ZnTPP and Trzl-BODIPY) and does not show any new bands or broadening of the base peaks, suggesting that electronic mixing between chromophores is minimal or nonexistent. The absorption spectra of the Tetrad and Pentad are very similar to that of the Dyad, with the expected increase in the BODIPY π−π* transition, roughly three and four times larger for Tetrad and Pentad, respectively. The Tetrad and Pentad also show a slight red-shift (3−4 nm) of the porphyrin Soret and Q-band peaks relative to ZnTPP due to the electron withdrawing effects of the 1,2,3-triazoles on the meso-phenyl rings. 29 This is consistent with the absorption spectrum of ZnTTrzlP, which also shows a 3−4 nm red-shift in the Soret and Q-band peaks relative to ZnTPP. The absorption spectra of ZnTPP and ZnTTrzlP lack any significant absorption intensity in the region from 450 to 530 nm, thus allowing for selective excitation of the BODIPY donor chromophore for examination of EnT processes.
Steady-State Emission. Figure 3 shows the absorption spectra of ZnTTrzlP and Trzl-BODIPY, along with the emission spectrum of Trzl-BODIPY. The emission of Trzl-BODIPY has good overlap with Q-band absorptions of ZnTTrzlP (signified by the shaded region), setting up a favorable situation for efficient FRET between chromophores. The emission spectra of the Dyad, Tetrad, and Pentad in THF, excited close to the maximum of the BODIPY π−π* transition at 495 nm, are shown in Figure 4 . The spectra show some fluorescence from the BODIPY chromophore in the region from 500 to 550 nm, but also the emission bands from Zn porphyrin core at 605 and 660 nm. Since neither ZnTPP or ZnTTrzlP absorbs significantly at 495 nm, the porphyrin emission must be the result of EnT from the BODIPY donor. Fluorescence excitation spectra also show the presence of singlet−singlet energy transfer from BODIPY to porphyrin. Figure 5 shows the excitation spectra of equimolar solutions of the three arrays in THF, measuring S 1 → S 0 fluorescence of the porphyrin at 660 nm. The spectra show excitation bands for the porphyrin Soret and Q-bands as in free ZnTPP, as well as the BODIPY π−π* transition at 495 nm. These spectra show a linear increase in the amount of excitation intensity at 495 nm with increasing BODIPY units, consistent with the absorption spectra and number of donor chromophores attached to the porphyrin acceptor. Table 1 contains spectroscopic data of the arrays and control complexes. The quantum yield of 1,3,5,7-tetramethyl-8-phenyl-4,4-difluoroboradiazaindacene (Ph-BODIPY) in THF has been reported previously as 0.72. 30 We observed a decrease in quantum yield for Trzl-BODIPY to 0.47 following 1,2,3-triazole formation at the para position on the phenyl ring. Electron withdrawing groups on the para position of the phenyl ring have been shown to decrease quantum yield of BODIPY chromophores. 31 The moderate decrease in quantum yield suggests that the N1 position of the 1,2,3-triazole induces a small electron withdrawing effect in this application. The quantum yield for ZnTTrzlP (0.047) shows a slight increase over the reported value for ZnTPP (0.032) in THF. 32 When electron donating groups are attached at the para position on the phenyl ring, the quantum yield of ZnTPP increases by putting more electron density into the porphyrin ring current. 33, 34 The C4 position of the 1,2,3-triazole ring has been shown to have a slight electron donating effect in photophysical applications. 35 The quantum yield (ϕ) for S 1 → S 0 fluorescence of the Zn porphyrin core for the arrays, Dyad, Tetrad, and Pentad, were determined from excitation of the BODIPY donor and thus include the yield of EnT to the porphyrin acceptor. The quantum yields for the EnT arrays are consistent with emission from the porphyrin core and suggest that EnT from the BODIPY is relatively efficient and fast. Additionally, the values increase somewhat from the Dyad (0.033), to Tetrad (0.039) and Pentad (0.041) and are consistent with the trend between the ZnTPP and ZnTTrzlP standards. The addition of 1,2,3-triazole linkages to the ZnTPP core via the para-phenyl position adds slightly to the electron donating ability of the phenyl rings and increases the quantum yield for S 1 → S 0 fluorescence of the Zn porphyrin core.
Fluorescence Lifetimes. Fluorescence lifetimes were measured for all arrays, as well as for ZnTPP, ZnTTrzlP, and Trzl-BODIPY, and are shown in Table 1 . The arrays showed fluorescence lifetimes that closely matched that of ZnTPP at around 1.8 ns. This suggests that singlet−singlet energy transfer from the BODIPY to the porphyrin occurs at a very fast rate so that the porphyrin lifetime is the limiting factor for the rate of fluorescence. This ties in with the previously stated efficiencies of energy transfer, as a faster energy transfer rate leads to a more efficient transfer. There is also a slight trend of decreasing lifetime with increasing number of BODIPY attachments. This can be attributed to the additional substitution of the triazole on the para position of the porphyrin phenyl ring allowing more rotational freedom. 37 Electronic Structure Calculations. Density functional theory electronic structure calculations were performed on the Dyad, Tetrad, Pentad, and individual chromophores to assist in understanding the EnT pathways for the arrays. All structures were optimized in the gas phase at the B3LYP/6-31g(d) level of theory. 38−42 The optimized structures show two low energy conformations of the BODIPY with respect to the plane of the porphyrin as a result of rotation about the phenyl-1,4-triazole-phenyl linkage. The two conformations place the BODIPY plane at about ∼0 and ∼30 degrees with respect to the porphyrin ring.
The gas phase geometry optimized structures were followed by B3LYP/6-311g(2d,p) single point calculations utilizing the self-consistent reaction field (SCRF) method with the polarizable continuum model (PCM) 43 approach to estimate the solvation effect of THF. Figure 6 shows the frontier molecular orbitals for the Dyad (HOMO −2 to LUMO +2). Frontier molecular orbitals of the remaining complexes are included in the Supporting Information. Included in Figure 6 are the percent orbital compositions based on the fragment analysis using the AOMix software for the 5,10,15-(triphenyl)-porphyrin Zn(II), phenyl-1,4-triazole-phenyl linkage, and BODIPY. The orbital contributions clearly show localization of the four Gouterman orbitals of the porphyrin (HOMO −1 a 1u , HOMO a 2u , LUMO +1 e g , and LUMO +2 e g ) from the BODIPY π-system (HOMO −2, LUMO). The localization of the porphyrin and BODIPY orbitals and the lack of significant mixing through the phenyl-1,4-triazole-phenyl linkage support the assignment of the Forster mechanism (through space dipole−dipole) 26 for EnT between chromophores, as opposed to Dexter (through-bond). 44 Comparison of the Tetrad and Pentad molecular orbitals shows similar isolation of the ZnTPP and BODIPY chromophore π-systems (Supporting Information). Figure 7 shows the comparison of frontier MO energy levels for the arrays and individual building blocks obtained from the B3LYP/6-311g(2d,p)/PCM calculations. Occupied orbitals are shown in blue and unoccupied in red. The dashed gray lines link the corresponding orbitals for the Gouterman 4-orbital model of the porphyrin and the BODIPY π system. Incorporation of the 1,2,3-triazoles in the structures lowers the energy levels of all the chromophores slightly but does not have a large influence on the gap between them. In all systems, the interaction between the porphyrin Gouterman orbitals and BODIPY π system is essentially nonexistent.
To further elucidate the Forster interaction between BODIPY and ZnTPP in the Dyad, time-dependent density functional theory (TDDFT) 45, 46 at B3LYP/6-311g(2d,p) level of theory, with PCM (THF), was applied to calculate the singlet excited states. The TDDFT results qualitatively reproduce the visible absorption spectra of the Dyad. Figure  8 shows the visible absorption spectra of the Dyad in THF along with the electronic transitions predicted by TDDFT. All of the main singlet transitions of the Dyad are reproduced by the TDDFT results, but the energetics are slightly shifted. The TDDFT results predict the Q-band transitions for the porphyrin and π−π* for the BODIPY at higher energies, while the Soret band at lower energies.
Singlet Energy Transfer Analysis. Fluorescence emission and excitation spectra shown above in Figures 4 and 5 show clear evidence of EnT from the BODIPY donors to the ZnTPP based acceptors for the three arrays. To analyze the efficiency of EnT in these systems, we compared the fluorescence spectra of the individual chromophores to that of the arrays. Figure 9 shows the emission spectra of the Dyad and an equimolar solution of Trzl-BODIPY and ZnTPP (both samples had an absorption of 0.1 at the BODIPY maximum of 502 nm). The emission band from BODIPY is quenched almost 10-fold in the Dyad as compared to the free BODIPY. Using eq 1, we can calculate the efficiency of EnT through quenching of the BODIPY emission.
In eq 1, F DA and F D are the fluorescence intensity of the donor in the presence and absence of the acceptor, respectively. Using the integrated emission spectra for the arrays and normalizing for the number of donor BODIPY units, we calculate EnT efficiencies of 95.8, 97.5, and 97.2% for the Dyad, Tetrad, and Pentad respectively (Table 2) . Forster theory 26 can be applied to the photophysical data of the arrays and BODIPY donor to estimate the rates and yield of EnT between chromophores. The Forster radius in Å (R o , the distance at which the EnT efficiency is 50%) is given by eq 2: 
where ϕ D is the quantum yield of the BODIPY donor in the absence of the ZnTPP acceptor and n is the refractive index of the solvent. The integrals on the right side of eq 2 represent the overlap integral (J F in M −1 cm −1 nm 4 ) of the donor emission spectra (F D (λ)) and the acceptor absorption profile (ε A (λ)). As shown in Figure 3 , the emission spectra of BODIPY has good overlap with the Q-band absorptions for ZnTTrzlP. The calculated values of J F for the three arrays, shown in Table 2 , were calculated using the emission profile of Trzl-BODIPY and the Q-band absorption features of the Dyad, Tetrad, and Pentad. The slight red-shift in absorption peaks for the Tetrad with respect to the Dyad leads to a decrease in J F , but the higher absorptivity of the Pentad results in the highest J F of the three.
Finally, κ 2 in eq 2 is an orientation factor describing the relative orientation of the electronic dipole moments of the associated transitions of the donor and acceptor corresponding to FRET. Typically, a value of 2/3 is used for κ 2 , which assumes an average isotropic distribution of dipole arrangements. From the TDDFT results of the Dyad, we can determine a precise value of κ 2 using the calculated transition dipole moments from eq 3. 
In eq 3, θ D and θ A are the angles between donor emission and acceptor absorption transition moments and the vector joining the two, and Φ is the dihedral angle between the two transition dipoles. The TDDFT calculated transition dipole moment for the 455 nm BODIPY π−π* is oriented vertically, from one pyrrole ring to the other and is consistent with previous measurements. 47 The porphyrin acceptor is considered a planar oscillator due to the degenerate E u state giving rise to the Qband transitions. 48 The lowest DFT energy conformation of the Dyad places the BODIPY transition dipole moment in a nearly parallel orientation with the porphyrin plane, resulting in the highest possible κ 2 value. Rotations of the BODIPY chromophore relative to the porphyrin plane are expected due to a low barrier for meso-phenyl rotation of porphyrins. 49 Additional rotations can be expected by the phenyl-triazolephenyl linker joining the porphyrin and BODIPY chromophores. Therefore, without an accurate knowledge of the weighted distribution of conformations, we calculated the dynamic average <κ 2 > = 0.24 assuming all possible values of Φ. 50 This value is similar to p,p′-diarylethyne linked BODIPYZnTPP arrays studied by Lindsey and co-workers. 12 The Forster radii (R o ) for all three arrays calculated from eq 2 are approximately 30 Å (Table 2 ) and are almost twice the distance between centers of the chromophore arrays (r) of 17.1 Å determined from the DFT structures. Additionally, once the Forster radii are determined, the efficiency of FRET (E FRET %) within the systems can be estimated from eq 4. The E FRET % values for the three arrays are incuded in Table 2 and are very close to the observed EnT efficiencies determined from fluorescence quenching of the BODIPY chromophore. The close match between the predicted and observed EnT efficiencies suggests that the Forster mechanism plays a dominant role in the three arrays.
■ CONCLUSIONS
CuAAC reactivity was successfully employed to synthesize three donor−acceptor EnT arrays that contain one (Dyad), three (Tetrad), and four (Pentad) BODIPY donors connected to a Zn-tetraphenylporphyrin acceptor. Photophysical characterization and DFT electronic structure modeling of the three arrays are consistent with efficient Forster resonance energy transfer from the BODIPY donors to the Zn-tetraphenylporphyrin acceptor. The BODIPY singlet excited state emission is efficiently quenched in all three arrays, leading to EnT efficiencies of greater than 95% in all three systems. Applying Forster theory to the spectroscopic data of the chromophores gives EnT efficiency estimates that are in close agreement with experimental values. While we cannot rule out contributions from a through-bond mechanism, comparison of the theoretical and measured EnT efficiencies suggests the through-space mechanism plays a dominant role in the three arrays. The three array systems studied here highlight the utility of the CuAAC reaction to create hierarchical structures to study EnT processes and potentially create molecular systems for solar energy conversion and artificial photosynthesis.
■ EXPERIMENTAL SECTION
General Methods. NMR spectra were obtained on a Varian 500 MHz spectrometer and the chemical shifts were referenced to that of the solvent. LR and HR MALDI-TOF MS were obtained on a Bruker Ultraflex III. LR and HR ESI MS were obtained on a Thermo Electron Finnigan TSQ Quantum Ultra. FTIR were obtained on a Thermo Nicolet 4700.
Materials. Solvents, ACS Reagent grade or better, were purchased from Sigma Aldrich or Fisher Scientific and used as received. Anhydrous THF (unstabilized) and dichloromethane (DCM) were dried by recirculating the nitrogen-purged solvent through a solid-state column purification system 51 (Vacuum Atmospheres Company, Hawthorne, CA) prior to use. THF for spectroscopic studies was stored in a Schlenk flask and was routinely check for peroxides and vacuum distilled immediately before use. Toluene was purged with nitrogen and dried over molecular sieves before use. 4-Azidobenzoic acid (Aldrich), benzylazide (Alfa Aesar), copper sulfate (Fisher Scientific), sodium ascorbate (Aldrich), and 2,5-di-tert-butylhydroquinone (Aldrich) were used as received. Zn(II) 5,10,15,20-tetra(4-ethynylphenyl)porphyrin (1) 52 and tris-(benzyltriazolylmethyl)amine (TBTA) 53 were synthesized according to literature methods. Zn(II) 5-(4-ethynylphenyl)-10,15,20-triphenyl porphyrin (2), and Zn(II) 5,10,15-(4-ethynylphenyl)-20-phenyl porphyrin (3) were synthesized via the Lindsey method 54, 55 and Zn metalated and deprotected according to literature methods. 52 5,10,15,20-Tetra-phenyl-porphyrin Zn(II) (ZnTPP) was donated by Prof. Alan Cutler and was purified by preparative TLC before each photophysical measurement.
4,4-Difluoro-8-(4-azidophenyl)-1,3,5,7-tetramethyl-4-bora3a,4a-diaza-s-indacene (4). 4-Azidobenzoic acid (0.493 g, 3.02 mmol) was placed in a 50-mL round-bottom flask and the atmosphere was replaced with N 2 . Twenty-five milliliters of dry DCM was added, and the mixture was stirred until a white suspension formed. Oxalyl chloride (0.4 mL, 5 mmol) was then added, followed by 3 drops of pyridine. The reaction mixture was shielded from light and left to stir at room temperature for 3 days, after which the reaction mixture had turned into an almost clear yellow solution. The solvent was evaporated under reduced pressure, leaving behind a yellow solid.
Forty milliliters of dry DCM was then added to make a yellow solution which was then transferred via cannula to a flask containing a N 2 degassed solution of 0.622 mL of freshly distilled 2,4-dimethylpyrrole (0.5750 g, 6.04 mmol) in 28 mL of DCM. The mixture immediately turned a brown-orange color and was left to stir overnight. Then, 2.6 mL of triethylamine was added, and the solution was left to stir for 15 min, followed by the addition of 3 mL of boron trifluoride diethyl etherate, resulting in a dark green solution. After four additional hours of stirring, the reaction was opened to air and the organic layer was washed with three portions of saturated sodium bicarbonate, dried over MgSO 4 , and the solvent was evaporated. The residue was then chromatographed on a silica column (DCM/hexanes 70:30) and the second band was collected. The purest fractions were concentrated to produce a dark orange viscous oil. Hexanes were added and the mixture was sonicated, producing an orange solid, which was then collected via vacuum filtration (160.3 mg, 14.6%). 1 Dyad. 32 mg of 3 (0.046 mmol) and 18 mg of 4 (0.049 mmol) were dissolved in 16 mL of THF and the resulting solution was degassed with N 2 . In a small microcentrifuge tube, a solution of 2 mg of CuSO 4 ·5H 2 O (0.009 mmol) in 325 μL of H 2 O was combined with a solution of 6 mg of TBTA (0.012 mmol) in 325 μL of DMSO to make a blue solution. To this was added a solution of 4 mg of 2,5-ditert-butylhydroquinone (0.02 mmol) in 325 μL of THF. The mixture was briefly shaken and was quickly added to the porphyrin/BODIPY mixture via syringe. The reaction was heated to 40°C and left to stir overnight. The mixture was cooled and the THF was evaporated to yield a reddish brown residue. Ten milliliters of methanol was added, giving a red-brown precipitate that was collected by filtration. This powder was then chromatographed on a preparatory-scale TLC plate (silica, DCM/MeOH 98:2). The second band from the top was collected and the product was extracted from the silica with DCM. The solution was filtered through glass wool and the solvent was evaporated to yield a dark purple solid (32 mg, 65% Photophysical Methods. Electronic absorption spectra were taken on a Perkin-Elmer Lambda 950 spectrometer. Steady-state fluorescence and quantum yield measurements were carried out on a HORIBA Jobin Yvon FluoroLog-Tau3 spectrofluorometer using a right-angle detection method. Quantum yields were calculated using the comparative method. Only dilute solutions with maximum optical densities less than 0.09 past the excitation wavelength were used to minimize inner filter effects. For the arrays, an excitation wavelength of 507 nm was used, for ZnTTrzlP, an excitation of 545 nm; and for Trzl-BODIPY, 475 nm. Solutions were prepared in matched 10 mm optical path length fluorescence quartz cells. Spectroscopic grade solvents were used to prepare all solutions, with the exception of tetrahydrofuran. Unstabilized THF was tested for peroxides using a Quantofix Peroxide 100 test strip. All samples were purged with nitrogen. Absorption measurements were then taken using a PerkinElmer Lambda 950 UV/vis spectrometer. Additionally, absorbance measurements were taken after each fluorescence spectrum. A blank was recorded for absorption and fluorescence prior to the addition of sample compound. Every fluorescence spectrum was corrected for both instrument and lamp variations. Refractive index data for solvents have been taken into account. Wavelengths were kept in nanometers and emission peaks were completely integrated using Orgin 8 Pro. SigmaPlot was used to graph absorbance vs integrated fluorescence to obtain the gradients. Each sample was performed in triplicate with R 2 values greater than 0.99.
Fluorescence lifetimes were measured by phase modulated frequency-domain lifetime using a Horiba Spex FluoroLog-Tau3 spectrometer. To remove stray light and fluorescence from other sources, long pass filters were used on the detector side. A 550 nm long pass was used for BODIPY and a 600 long pass was used for the porphyrins and arrays. All solutions were purged with nitrogen gas to remove oxygen prior to steady-state and lifetime fluorescence measurements. A lifetime resolved model was used to fit the data. Data included in this report were the average of at least three measurements. A selection of phase-modulated data and fits are included in the Supporting Information.
Computational Details. Geometry optimizations for the porphyin-azido-linker constructs were carried out using density functional theory (DFT) as implemented in Gaussian03, revision E.01. 56 Becke's three-parameter hybrid functional 38−41 with the LYP correlation functional 42 (B3LYP) was used with the 6-31g(d) basis set for geometry optimizations in the gas phase. The Dyad, Tetrad, Ph-BODIPY, and Trzl-BODIPY were optimized without symmetry constraints, whereas the Pentad was done under the D 2 point group. Single point energy and TDDFT calculations were performed on the gas-phase optimized structure at the B3LYP/6-311g(2d,p) level of theory and included the effect of solvation by THF using the selfconsistent reaction field (SCRF) of polarizable continuum model (PCM) 43 approach. Molecular orbital compositions and overlap populations were calculated by employing the AOMix program.
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The analysis of the MO compositions in terms of occupied and unoccupied fragment molecular orbitals, the charge decomposition analysis, and the construction of orbital interaction diagrams were performed by using AOMix-CDA.
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■ ASSOCIATED CONTENT
